Currently, hazard characterization of skin sensitizers is based on data obtained from studies examining single chemicals. Many consumer products, however, contain mixtures of sensitizers that might interact in such a way that the response induced by a substance is higher than predicted in the hazard assessment. To assess interaction of skin sensitizers in a mixture, a dose-response modeling approach is applied. With this approach, it is possible to assess whether or not responses from mixtures of sensitizers can be predicted from the dose-response information obtained from individual chemicals using dose addition. We selected the skin sensitizers isoeugenol and cinnamal, frequently occurring together in consumer products, to be examined in an adjusted local lymph node assay (LLNA). Cell number and cytokine production (IL-10 and IFN-c) of the auricular lymph nodes were measured as hallmarks of the skin sensitization response. We found that dose addition for these 2 skin sensitizers closely predicted the effects from mixtures of both chemicals across the broad dose range tested. Hence, isoeugenol and cinnamal show no synergistic effects in the LLNA. Therefore, hazard assessment and risk assessment of these substances can be performed without taking into account mixture exposure.
sensitization assessment factors are applied (Api et al., 2008) . The QRA is based on sensitization thresholds for an individual fragrance and it has not been developed for safety assessment of mixtures.
Safety assessments for skin sensitizers are thus based on data from individual sensitizers, but consumers will often be exposed to mixtures of sensitizers. Consumer products are known to contain mixtures of different sensitizers, eg, deodorants can contain a cocktail of up to 17 known allergenic fragrances (Rastogi and Johansen, 2007) . Recent German surveys (Rastogi and Johansen, 2007; Uter et al., , 2014a found mixtures of established skin sensitizers, including fragrances, preservatives and ultraviolet-filters, being present in cosmetic products. Additionally, consumers may use several products at the same time on the same skin area, leading to aggregate exposure (Hall et al., 2011) . To assess human safety accurately, it is important to know whether exposure to a mixture of sensitizers leads to interactions that influence the response to a single substance.
The usual way to predict responses from mixtures is by dose addition (Berenbaum, 1985) . In case chemicals show interaction, the response from mixtures may be larger or smaller than that predicted by dose addition. In case of skin sensitization, the immune response can only occur when an immunogenic hapten is formed together with the generation of a sufficient degree of epidermal danger signals (Martin et al., 2011; Natsch, 2010) . The formation of haptens is unique for each chemical and due to this specificity; interaction unlikely to occur at this level. In contrast, the generation of epidermal danger signals, eg, oxidative stress and pro-inflammatory mediators, is nonspecific and can result from co-exposure by other chemicals, including irritants (Smith et al., 2002) and skin sensitizers (Esser et al., 2012) . Therefore, exposure to a mixture of skin sensitizers might lead to interaction due to a higher level of danger signals being generated by the mixture.
In the past, animal studies demonstrated that combined exposure to a skin sensitizer and an irritant, specifically enhanced the adaptive immune responses induced by weak skin sensitizers or by strong skin sensitizers dosed at low, subirritant concentrations (Cumberbatch et al., 1993; De Jong et al., 2002) . Apparently, strong skin sensitizers are able to generate sufficient danger signals if the exposure dose is sufficiently high. Experimental evidence for this phenomenon in case of mixture exposure to skin sensitizers has been found as well (Bonefeld et al., 2011; Jowsey et al., 2008) . The effects of exposure to a mixture of 2 strong sensitizers was in the local lymph node assay (LLNA) by comparing empirically assessed mixture effects to the theoretical summation of responses of the individual sensitizers. Effect addition, however, is not an appropriate way of examining interaction of chemicals. Bonefeld et al. (2011) investigated a cocktail of 3 skin sensitizers, also in the LLNA. Results showed a more vigorous ear swelling and cell proliferation response upon exposure to mixtures of fragrance allergens compared with exposure to each fragrance individually. It was not established whether these effects were larger than predicted by dose addition.
Current studies do not provide a clear answer to the question whether responses from mixtures of sensitizers can be predicted from the dose-response information obtained from individual chemicals. The aim of this study is to assess whether the response of a given set of skin sensitizers can be predicted by dose addition. We performed a statistical dose-response modeling approach, thereby using results from the adjusted LLNA upon exposure to the skin sensitizers isoeugenol (IE) and cinnamal (CA), 2 fragrances frequently occurring together in consumer products.
MATERIALS AND METHODS
In this study, a dose-range finding experiment and a mixture experiment are performed. For clarity, we chose to this study design, statistical analysis and results of both experiments in chronological order.
Animals. Female BALB/cOlaHsd mice, aged 8-12 weeks, were obtained from Harlan, The Netherlands. Mice were acclimatized for 7 days before the start of the study. Animals were bred under specified pathogen-free conditions. During the experiments, animals were housed in macrolon III cages, under conventional conditions in light-, humidity-, and temperature-controlled rooms. Food and tap water were available ad libitum during the whole experiment. Experiments were conducted under ethical review in accordance with Dutch law.
Chemicals. IE (2-Methoxy-4-propenylphenol, purity 99%) and CA (3-phenylprop-2-enal, purity ! 95%) were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands). Chemicals were dissolved in 4:1 acetone/olive oil (AOO). Control groups were treated with vehicle, AOO, alone. The same batch of test material was used throughout the study (experiment 1, experiment 2).
Adjusted LLNA. Groups of mice (n ¼ 4) were treated with 25 ml test chemical or vehicle (AOO) on the dorsum of both ears. Animals were exposed daily, for 3 consecutive days. At day 5, animals were sacrificed and the auricular lymph nodes were excised and pooled. Cell suspensions were prepared by disaggregation through cell strainers and collected in RPMI medium containing 10% fetal calf serum and 100 units/ml penicillin/streptomycin. For each mouse, the number of lymphocytes was determined. Lymphocytes were plated in a 96-well plate at 4 Â 10 5 cells/well and exposed for 24 h to 5 mg/ml concanavalin A (ConA) to stimulate cytokine proliferation. The levels of IFN-c, IL-2, and IL-10 were determined using BioPlex (Biorad, Veenendaal, The Netherlands) (van der Veen et al., 2013) .
Experimental design dose-range finding experiment. To make an efficient selection of dose combinations in the mixture experiment, an estimate of the relative potency factor (RPF) is needed (see previous section). Both chemicals had already been tested earlier in 2 separate LLNA studies, which seemed to indicate that IE might be slightly more potent than CA (Kimber et al., 1991; Wright et al., 2001) . However, a difference in estimated potency might be biased by study differences. Therefore, we decided to first examine both chemicals in a single study, so as to obtain a more reliable RPF estimate. Based on the earlier separate studies (Kimber et al., 1991; Wright et al., 2001) , doses for IE and CA were chosen as indicated in Table 1 . All dose groups consisted of 4 animals, while the 2 control groups (1 for each chemical) each consisted of 8 animals. Statistical analysis.. Using the PROAST software (www.proast. nl), the data were statistically analyzed by fitting the following 4-parameter exponential dose-response model to the data:
where y denotes the response, and x the dose. The constants a, b, c, and d in expression (1) are parameters to be estimated by fitting the model. Parameter a reflects the response in the controls, parameter b relates to the potency of the test chemical, parameter c reflects maximum response, and parameter d reflects the steepness of the curve. This model adequately describes a large variety of toxicological dose-response data, including LLNA dose-response data (Slob and Setzer, 2014) . The dose-response model was fitted to the data of both chemicals combined, by including the factor "chemical" as a covariate. In this way, the statistical analysis can detect which of the parameters a, b, c, and d differ significantly between the chemicals (Slob, 2002) . Parameters that are not significantly different may be kept the same for both chemicals in the final analysis. Instead of the model given by expression (1), we applied an equivalent model where the potency parameter b is replaced by a parameter that represents an equipotent dose; for instance, the dose where the response is 3-fold higher than the background response. This dose could also be called a benchmark dose (BMD) with a benchmark range (BMR) of 200%. By fitting this model, a confidence interval for that BMD can be obtained using maximum likelihood theory (Moerbeek et al., 2004) . To obtain a confidence interval for the relative potency factor (RPF), the model was fitted allowing the BMD to be different between the 2 chemicals. Furthermore, the BMD for one of the chemicals was expressed as RPF times the BMD of the other chemical: BMD ie ¼RPF Â BMD ca . In this way, the RPF is a parameter in the model, for which a confidence interval can be calculated using the maximum likelihood method just mentioned. Dose addition and statistical approach. The statistical doseresponse modeling approach used in this study aims to answer the question of whether effects from mixtures of 2 chemicals can be predicted by dose addition. To predict the response induced by a mixture consisting of dose dA of chemical A and dose dB of chemical B, the following steps were applied 1. Determine the dose-response of chemical A and that of chemical B. Establish if both dose-responses are approximately parallel on log-dose scale. 2. If it can be assumed that the dose-responses of A and B are parallel on log-scale, calculate the relative potency factor (RPF); note that log(RPF) is the horizontal distance between both dose-response curves on log-dose scale. 3. Calculate the dose of chemical A that is equipotent to dB, by multiplying dB by the RPF. 4. Add the original dA to the dose calculate in step 3. 5. Read of the response at the added dose using the doseresponse of chemical A.
The crucial question therefore is whether the response observed after applying a given dose mixture is close to the one predicted in step 5, using dose-response data for the individual chemicals. To establish if dose addition applies, the RPF needs to be estimated with sufficient precision, ie, the study design needs to result in good dose-response information of A and B separately. To establish if dose addition applies globally (over the whole dose range), various dose mixtures, yielding various levels of response, are needed in the study design.
In practice, the 5 steps can be combined in a single experiment, by using a study design that includes doses related to the individual chemicals (marginal doses) as well as various mixtures of doses (mixture doses). Then, a dose-response model, which includes the RPF as a model parameter, is fitted to all these dose-response data combined. In this way, the RPF is efficiently estimated using both the responses from the individual doses and from the dose mixtures. If this fitted model (assuming dose addition) closely describes the responses of the mixtures, it is confirmed that the mixture responses can be closely predicted. The statistical error in the data is taken into account by calculating confidence intervals for the responses in each (mixture) dose group.
It may be noted here that we purposely do not follow the more usual statistical approach of testing a null hypothesis by a significance test. The question is if dose addition can predict responses from mixtures approximately or close enough, and not if dose addition holds perfectly. Furthermore, in a real-life experiment, dose addition cannot perfectly hold, as real data always contain nonrandom errors, while random errors make it impossible to establish perfect dose addition even if nonrandom errors did not exist. Therefore, the results from the analysis will be expressed visually, while the statistical errors in the data are accounted for by confidence intervals. Such visual output provides valuable information, such as an indication of the precision by which mixture responses were predicted in the particular dataset assuming dose addition applies, or revealing a particular pattern in deviations from dose addition if it does not apply.
RESULTS

Dose-Range Finding Study of the Individual Chemicals
The results of the dose-range finding experiment with various separate doses for both chemicals are plotted in Figure 1 . The parameters IFNc and cell number show steadily increasing dose responses for both chemicals. The data were statistically analyzed by fitting the 4-parameter exponential model with chemical as a covariate. None of the 4 model parameters were found to differ significantly between the 2 chemicals, for both IFNc and cell number. This implies that both chemicals could be described with exactly the same dose-response curve. Nonetheless, we also fitted the model by expressing the potency of CA as an RPF times the potency of IE (where potency was expressed as the chemical-specific BMD, ie, the where the response increased by a factor of 3 compared with background, ie, BMD ca ¼ BMD ie / RPF). This model, fitted to both response data,is shown in Figure 1 . The 90%-confidence intervals for the RPF were (0.51, 1.15) and (0.32, 1.19) for IFNc and cell number, respectively. These RPF confidence intervals indicate that IE might be somewhat more potent than CA, but the difference is not statistically significant, because the confidence intervals include the value of 1.
Effects of Mixture Exposure to Cinnamal and IE in the LLNA
Using the information on the relative potency of the 2 chemicals as provided by the dose-range finding study, an efficient choice of dose combinations can be made to be used in a mixture experiment aiming to establish whether dose addition applies or not. We applied the approach described previously (Bosgra et al., 2009) , which can be visualized by an isobole plot, as illustrated in Figure 2 . In this plot, the isoboles are straight lines reflecting all dose combinations that will result in the same response, if dose addition applies. In particular, the response will be the same as that from one of the marginal doses related to one of the individual chemicals (indicated by the filled marks). The marginal doses on the same isobole are equivalent doses by taking the RPF into account.
By choosing dose combinations from various isoboles, various response levels will be covered in the mixture experiment. This is important as the assertion that dose addition applies is practically useful only if it holds globally (for the whole dose range, or equivalently, for the whole response range). To achieve various response levels associated with the applied dose mixtures, the dose-response relationships of the individual chemicals need to be approximately known, as well as the RPF. To ensure that the isoboles for these 2 chemicals are approximately known, and dose mixtures can be derived that would most likely result in the various response levels specified, a range finding study may need to be performed first (as we did in this study). In this way, the available information to be realized from the mixture experiment will be maximized. The open circles in Figure 2 illustrate possible dose combinations that might be selected for an intended mixture experiment, which in this illustrative figure represent dose mixtures where both equal (1 circle in the middle of the line) and unequal dose combinations (2 circles on the same line) are covered.
As the dose-range finding experiment with IE and CA resulted in an estimated RPF that was close to unity, we created an isobole plot as in Figure 2 assuming that both chemicals were equally potent (RPF ¼ 1). Furthermore, because the doserange finding experiment resulted in observed responses that were gradually increasing from small to relatively large, the applied doses in the first study could well serve as marginal doses in the mixture experiment. However, the mixture experiment should also include mixtures of IE and CA, and to keep the experiment within practical limits, we decided to omit various marginal doses. As Table 2 shows, we applied increasing marginal doses that alternated between both chemicals. In this way, reasonable information for the marginal dose responses for IE and CA will be obtained with a limited number of dose groups.
Regarding the mixture doses, we started with the combination of 2% þ 2% dose units as the lowest dose mixture. The first experiment showed that doses lower than 4% (single chemical) resulted in responses of the same order of magnitude as the statistical noise in the data, which would make them hardly informative regarding dose addition (unless violated by strong synergism). The next mixture doses were chosen such that their sums were similar to the increasing marginal doses (aiming at similar response levels), with some mixtures consisting of 2 equal doses, others consisting of 1 larger and 1 smaller dose (see Table 2 ).
Dose-Response Modeling of the Mixture Exposure
The observed responses related to the marginal doses and the dose mixtures were statistically analyzed by fitting the same 4-parameter exponential model as in the dose-range finding experiment that applied only individual doses of both chemicals (marginal doses). Various approaches are possible to examine dose addition. One approach is to first estimate the RPF from the marginal doses (as in Figure 1) , and then predict the response for each dose mixture assuming dose addition. The predictions may then be plotted against the observed responses, and if dose addition applies, this should result in a linear scatter plot (Bosgra et al., 2009) . We used a different approach that more efficiently uses the information in the data, and is easier to apply, with suitable software, such as PROAST. In this approach, the dose x in expression (1) is simply replaced by dose CA þ RPF dose IE , so that both the marginal and mixture doses can be handled in the same fit (note that for marginal doses the other dose is set at zero). Further, RPF is considered as an additional model parameter to be estimated in fitting the model. After having fit the model, the observed responses are plotted against dose CA þ RPF dose IE , while making visible which responses related to either single chemical or to the mixtures. If dose addition applies, the responses related to the dose mixtures should, in general, be as close to the fitted dose-response curve as the responses related to the single dose. In evaluating this visual plot, the confidence intervals around the responses may be helpful: when dose addition applies, the fitted curve should intersect most of them.
Instructions to perform this analysis in the PROAST software are provided as supplementary data. The observed responses related to the marginal doses and to the dose mixtures are shown in Figure 3 for 3 immunological parameters. In all cases, the confidence intervals for the responses at the mixtures intersect the fitted curve, which represents the expected response if dose addition applies. This implies that the observed responses from the mixtures are in line with the predicted responses based on dose addition.
The RPF confidence intervals for the various immunological parameters, estimated in either of the 2 experiments, are summarized in Table 3 . No differences in estimates are observed between both studies, but it seems that the parameters differ somewhat in RPF.
DISCUSSION
In this study, we used a dose-response modeling approach to establish whether responses from a mixture of 2 skin sensitizers can be predicted from the dose-response information from the individual chemicals. The fragrances IE and CA were selected for this study, because these 2 fragrances are sensitizers of moderate potency and frequently occur together in consumer products. It has been hypothesized that synergism is most likely to occur with weak to moderate skin sensitizers present in the mixture (Jowsey et al., 2008; Bonefeld et al., 2011) . Our study did not support this hypothesis, because the dose response induced by the mixture of moderate skin sensitizers follows from the independent responses induced by the individual sensitizers. If the same holds true for other combinations of skin sensitizers including strong sensitizers is unknown. Most probably, strong skin sensitizers will generate sufficient danger signals in the skin and as such, inflammation induced by other skin sensitizers present in the mixture will not add up to this.
Synergism of skin sensitizers has been previously suggested based on other LLNA studies (Jowsey et al., 2008; Bonefeld et al., 2011) . However, in both studies, conclusions were based on comparison of empirical data with a theoretical summation of responses of single substance and were not assessed using dose-response modeling. Summation of effects is not an appropriate way of examining interaction between chemicals. Specifically, Jowsey et al. (2008) showed that a combination of the strong skin sensitizers methyldibromo glutaronitrile and para-phenylene diamine induced a slightly higher response in the LLNA than was predicted from summing the effects induced by the individual sensitizers, especially at subirritant concentrations. This effect was, however, not reproducible in a second experiment. Furthermore, a thorough statistical analysis was not possible, because the lymph nodes were pooled for each experimental group, rather than using the individual results (Jowsey et al., 2008) . Bonefeld et al. (2011) found evidence for an increased response in both the sensitization and elicitation phase for a mixture of 3 fragrances compared with responses induced by the individual responses. This study did not allow for the assessment of dose addition or interaction (Bonefeld et al., 2011) .
Our primary interest in this study was to elucidate if dose addition applies in the induction phase, because this is relevant for primary prevention of sensitization in the general population. The QRA as developed by fragrance industry (Api et al., 2008) is an instrument used to derive safe levels for a single ingredient in a consumer product. Because our study shows no synergism for these sensitizers the QRA can be applied to the individual fragrances for consumer products that contain the mixture. It should be emphasized that in the LLNA the individual immune responses induced by IE and CA cannot be distinguished at the level of lymphocyte proliferation, because the LLNA only measures the induction phase.
In the LLNA, we demonstrate that dose addition occurs, but it is important to note that this does not imply that the specific immune responses induced by these skin sensitizers will also behave according to dose addition. The reason is that priming of the immune system is highly specific and unique for the individual skin sensitizers. The lack of interaction between IE and CA, however, shows that there is no interference at the level of epidermal danger signals that could enhance the haptenspecific immune response. For this reason, data of a single substance can be used for hazard characterization and risk assessment without taking into account mixture exposure. In conclusion, our study showed that no synergistic effects occur between IE and CA across a broad dose range in the LLNA. Our conclusion is restricted to IE and CA, but the dose-response modeling approach used in this study allows for testing of other sensitizers or more complex mixtures.
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